In Saccharomyces cerevisiae, proximity to a telomere affects both transcription and replication of adjacent DNA. In this study, we show that telomeres also impose a position effect on mitotic recombination. The rate of recombination between directly repeated tracts of telomeric C 1-3 A/TG 1-3 DNA was reduced severely by proximity to a telomere. In contrast, recombination of two control substrates was not affected by telomere proximity. Thus, unlike position effects on transcription or replication, inhibition of recombination was sequence specific. Moreover, the repression of recombination was not under the same control as transcriptional repression (telomere position effect; TPE), as mutations in genes essential for TPE did not alleviate telomeric repression of recombination. The reduction in recombination between C 1-3 A/TG 1-3 tracts near the telomere was caused by an absence of Rad52p-dependent events as well as a reduction in Rad1p-dependent events. The sequence-specific repression of recombination near the telomere was eliminated in cells that overexpressed the telomere-binding protein Rap1p, a condition that also increased recombination between C 1-3 A/TG 1-3 tracts at internal positions on the chromosome. We propose that the specific inhibition between C 1-3 A/TG 1-3 tracts near the telomere occurs through the action of a telomere-specific end-binding protein that binds to the single-strand TG 1-3 tail generated during the processing of recombination intermediates. The recombination inhibitor protein may also block recombination between endogenous telomeres.
In most organisms, telomeres consist of simple repetitive DNA. For example, each end of each Saccharomyces chromosome bears ∼300 bp of C 1-3 A/TG 1-3 DNA. Telomeres are required for the stable maintenance and segregation of yeast chromosomes (Sandell and Zakian 1993) . In most organisms, including yeast, telomeric DNA is replicated by telomerase, a telomere-specific reverse transcriptase (for review, see Greider 1995) . Telomerase extends the G-strand of telomeric DNA using its RNA component as a template. Telomerase-independent pathways for telomere replication also exist. In yeasts (Lundblad and Blackburn 1993; McEachern and Blackburn 1995; Lendvay et al. 1996) and human cells in culture (Murnane et al. 1994; de Lange 1995; Rogan et al. 1995) , telomere-telomere recombination can maintain telomeric DNA in the absence of telomerase. In some insects, recombination is probably the sole pathway for maintenance of telomeric DNA (Biessmann et al. 1996; Lopez et al. 1996) .
The subtelomeric regions of chromosomes from many organisms, including yeast, consist of a variable array of middle repetitive DNA with the variability caused, at least in part, by homologous recombination among the repeats (Brown et al. 1990; Louis et al. 1994) . In yeast, the number and identity of these middle repetitive elements vary, both from strain to strain and from chromosome to chromosome. In addition, in yeast, there are often interstitial tracts of telomeric DNA interspersed among the middle repetitive elements (Walmsley et al. 1984; Louis et al. 1994) . Interstitial tracts of telomeric sequence exist in many other organisms, including mammals (Meyne et al. 1990; Cheung et al. 1994) . In mammals, these tracts are not limited to subtelomeric regions of chromosomes and are believed to act as recombination hot spots (Park et al. 1992; Ashley and Ward 1993; Ashley 1994; Henderson 1995) . In both yeast and mammals, short stretches of the telomerelike sequence poly(GT) increase recombination rates (Stringer 1985; Treco and Arnheim 1986; White et al. 1991) . The preference for GT-rich DNA displayed in vitro by at least some strand transfer proteins may contribute to the elevated recombination rates of telomeric and telomere-like DNAs (Tracey et al. 1996 (Tracey et al. , 1997 .
In meiosis, telomeres themselves affect recombination. For example, molecular and cytological studies show reduced meiotic crossing-over in telomeric regions of grasshopper chromosomes (Miklos and Nankivell 1976) . Most relevant for our studies, double-strand breaks, which initiate most meiotic recombination events, are absent in the terminal ∼25 kb of yeast chromosomes (Klein et al. 1996) . In contrast, cytological and genetic evidence suggests that meiotic recombination occurs at elevated rates near some human telomeres (Ashley 1994; Kipling et al. 1996) .
In mitotic cells, yeast telomeres affect the replication and transcription of nearby DNA. Proximity to a yeast telomere eliminates (Reynolds et al. 1989; Dubey et al. 1991; Zhu et al. 1992) or delays (Ferguson and Fangman 1992; Wellinger et al. 1993 ) activation of replication origins. Transcription of genes near telomeres is repressed in yeast (Gottschling et al. 1990 ) and other organisms (Levis et al. 1985; Nimmo et al. 1994; Horn and Cross 1995; Rudenko et al. 1995) , a phenomenon called telomere position effect (TPE). In S. cerevisiae, transcriptional repression is not limited to telomeres, as interstitial tracts of C 1-3 A/TG 1-3 DNA integrated onto the chromosome also repress transcription, even on circular chromosomes (Stavenhagen and Zakian 1994) .
The telomeric C 1-3 A/TG 1-3 repeats are organized into a non-nucleosomal protein-DNA structure, called the telosome (Wright et al. 1992 ). The major protein in the yeast telosome is the essential (Shore and Nasmyth 1987) duplex DNA-binding protein Rap1, present in 10-20 molecules per telomere (Conrad et al. 1990 ; Klein et al. 1992; Wright et al. 1992; Gilson et al. 1993; Wright and Zakian 1995) . RAP1 is important for TPE and telomere length control (see Kyrion et al. 1992 Kyrion et al. , 1993 Marcand et al. 1997) .
Rap1p mediates its effects on telomeres at least in part through its interactions with other proteins. The carboxyl terminus of Rap1p interacts with Sir3p, Sir4p, Rif1p, and Rif2p (Hardy et al. 1992; Moretti et al. 1994; Wotton and Shore 1997) . Sir2p interacts with Sir4p and Sir3p (Moazed et al. 1997 ) and hence indirectly with Rap1p. Sir2p, Sir3p, Sir4p, Rif1p, and Rif2p are telosomal proteins in vivo as is, Cdc13p (Bourns et al. 1998 ), a protein that binds single-strand TG 1-3 DNA in vitro (Lin and Zakian 1996; Nugent et al. 1996) . Sir2p, Sir3p, and Sir4p are essential for TPE (Aparicio et al. 1991) as well as for silencing at internal tracts of telomeric DNA (Stavenhagen and Zakian 1994) whereas Rif1p and Rif2p function cooperatively to limit telomere length (Wotton and Shore 1997) . The phenotypes of cells limited for the essential Cdc13p suggest that it regulates access of both telomerase (Nugent et al. 1996) and nucleases (Garvik et al. 1995) to telomeric DNA. In wild-type cells, Rap1p and the three Sir proteins are concentrated in foci near the nuclear periphery that correspond to clusters of telomeres (Gotta et al. 1996 (Gotta et al. , 1997 Palladino et al. 1993) .
This paper presents a study of recombination between telomeric sequences at both subtelomeric loci and internal chromosomal sites. We found that recombination between C 1-3 A/TG 1-3 tracts was decreased dramatically near the telomere, whereas recombination between two control sequences was not affected by telomere proximity. The reduction in recombination between C 1-3 A/ TG 1-3 tracts was caused in large part by the elimination of RAD52-dependent events although RAD1-dependent events were also reduced. Thus, yeast telomeres exert a position effect on recombination between C 1-3 A/TG 1-3 sequences. Because this position effect did not require genes essential for TPE, telomere position effects on recombination were caused by a different mechanism than TPE.
Results

Direct-repeat recombination assay
Because of a long-term interest in the recombination behavior of telomeric DNA (Pluta and Zakian 1989; Wang and Zakian 1990) , we devised a system to study recombination between two internal tracts of telomeric C 1-3 A/ TG 1-3 DNA as a function of the position of the tracts along the chromosome. In each experiment, both the rate of recombination and the structure of the recombination products were determined. As recombination was measured in haploid cells, the effects of different mutations on the recombination behavior of the tracts could be determined.
Three different classes of recombination substrates were constructed. Each of the three had two identical ∼300-bp tracts separated by a 4.6-kb segment of DNA that contained the URA3 gene (Fig. 1A) . The three recombination substrates differed only in the identity of the sequence that comprised the ∼300 bp tracts. The three substrates contained ∼300 ± 25 bp of either C 1-3 A/ TG 1-3 DNA (Saccharomyces telomeric DNA), C 4 A 2 / T 2 G 4 DNA (Tetrahymena telomeric DNA), or a unique sequence (a fragment from the Salmonella tetracyclineresistance gene). The base composition of the unique sequence tract was identical to that of C 4 A 2 /G 4 T 2 DNA and similar to that of C 1-3 A/TG 1-3 . In contrast to the unique sequence tract, the C 4 A 2 /T 2 G 4 and C 1-3 A/TG 1-3 tracts had two features in common: Both are internally repetitive and both are substrates for C 1-3 A/TG 1-3 addition in yeast in vivo (Dani and Zakian 1983; Szostak 1983) . Although the internally repetitive C 4 A 2 /T 2 G 4 and C 1-3 A/TG 1-3 tracts can both align in multiple registers, C 1-3 A/TG 1-3 DNA, an imperfect repeat, can also align with mismatches between base pairs. Therefore C 1-3 A/ TG 1-3 direct repeats can undergo both homologous and homeologous recombination. In addition, C 1-3 A/TG 1-3 DNA is the only one of the three substrates that is expected to be bound by the yeast telomere-binding protein Rap1p in vivo (Berman et al. 1986; Conrad et al. 1990; Klein et al. 1992) .
Each recombination substrate was integrated at five different chromosomal loci in a haploid strain: These sites were ∼4 and 17 kb from the right telomere of chromosome V and ∼5, 20, and 200 kb from the left telomere of chromosome VII. In each case, LYS2 was placed distal to the recombination substrates (Fig. 1) . Recombi-nation rates were measured both in wild-type cells and in cells containing null mutations in genes that affect either TPE or recombination.
Recombination events were selected on plates containing 5-fluoro-orotic acid (FOA), which selects for cells lacking Ura3p (Boeke et al. 1987) , and lacking lysine, which, by selecting for expression of LYS2, reduces transcriptional repression on URA3. In the system used here, a Ura − Lys + cell can be generated by intrachromosomal recombination, interchromosomal recombination, or sister chromatid exchange. For the C 1-3 A/TG 1-3 substrates, interchromosomal recombination can occur between one of the internal C 1-3 A/TG 1-3 tracts on the marked chromosome and the telomere of another chromosome. This event transfers LYS2 to a different chromosome. Although they proceed by different mechanisms, intrachromosomal recombination and sisterchromatid exchange are expected to generate products of identical structure in which the recombinant chromosome has a single copy of the original tract at an internal site. Because these two classes of events, intrachromosomal recombination and unequal sister chromatid exchange, could not be distinguished from each other in our study, these two classes of events will be referred to collectively as excision events.
In the system used in this study, two events other than recombination can yield an FOA R cell, transcriptional silencing of URA3 and point mutations in URA3. To ensure that the reported rates were based solely on FOA R cells that arose from recombination, the absence of the URA3 gene was established by conventional Southern or PCR analysis on a subset of the recovered FOA R cells in all genetic backgrounds examined (see below). In each experiment, FOA R Lys + events that were caused by transcriptional silencing or mutation of URA3 were subtracted before determining recombination rates.
Telomeres specifically repress recombination between tracts of C 1-3 A DNA
Recombination between either the C 4 A 2 /T 2 G 4 or the unique sequence tracts, hereafter called the control substrates, occurred at similar rates at all five chromosomal loci ( Fig. 2A,B) . However, recombination between C 1-3 A/TG 1-3 tracts was affected strongly by chromosomal position. Although recombination between C 1-3 A/TG 1-3 tracts was lower than that of both controls at all five sites, by far the most dramatic difference among the three substrates was their recombination rates near the telomere. Recombination between C 1-3 A/ TG 1-3 tracts near the telomere occurred at rates 64-to 155-fold lower than the controls at the same site.
For example, on chromosome V-R ( Fig. 2A) , at both 4 and 17 kb from the telomere, recombination of the C 4 A 2 /T 2 G 4 and unique sequence tracts occurred at very similar rates, ranging from 2.8 × 10 −5 to 3.0 × 10 −5 events/cell division. At 17 kb from the telomere, recombination between the C 1-3 A/TG 1-3 tracts occurred at a rate ∼11 times lower than that seen for the two control substrates at the same locus. However, at 4 kb from the chromosome V-R telomere, recombination between the C 1-3 A/TG 1-3 tracts was even lower, occurring at a rate 100 or 155 times lower than for the two control substrates. These differences in rates were caused by a 13-fold reduction in the rate of recombination between the C 1-3 A/TG 1-3 tracts near the telomere, rather than to an increase in recombination rates of the control sequences near the telomere ( Fig. 2A) .
A similar pattern was seen on chromosome VII-L. The rate of recombination between the C 1-3 A/TG 1-3 tracts was slightly lower, two-to eightfold, than the control substrates at both 20 and 200 kb from the telomere. However, recombination between the C 1-3 A/TG 1-3 tracts 5 kb from the telomere occurred at a rate 64 or 89 times lower than the two control substrates at the same locus (Fig. 2B) . Recombination between the C 1-3 A/ TG 1-3 tracts was ∼15-to 19-fold lower near the telomere than it was at the two internal sites on chromosome VII-L (Fig. 2B) .
These data indicate that recombination between C 1-3 A/TG 1-3 tracts was reduced by proximity to the telomere. Thus, the telomere imposed a position effect on recombination of C 1-3 A/TG 1-3 DNA.
Structure of the chromosomes after recombination
For each strain and each recombination substrate, the resultant structure of chromosome V-R or chromosome VII-L was determined in at least 20 independent FOA R Lys + colonies using Southern hybridization or PCR analysis (Table 1 , e.g., see Fig. 5, below) . This analysis demonstrated that FOA R colonies were generated by recombination, not transcriptional silencing nor mutation of URA3.
Recombination between direct repeats is expected to leave one copy of the repeat tract at an internal site on the chromosome bearing LYS2. Southern analysis was done by probing restriction-enzyme-digested-genomic DNA, BglII-HindIII for the control strains and BglII for the C 1-3 A/TG 1-3 strains, with DNA fragments derived from the 5Ј-end of the LYS2 gene ( Fig. 1B ; probe A) and the 3Ј-end of the ADH4 gene ( Fig. 1B; probe B). Events that occurred by either intrachromosomal recombination or sister chromatid exchange produced a fragment that hybridized to both probe A and B (Fig. 5C ,D, below). Colony PCR was done using oligonucleotides complementary to region A and region B (see Fig. 1B ; Materials and Methods).
The size of the remaining tract is presented for each of the three recombination substrates at each of the three loci on chromosome VII-L (Table 1) . Recombination between two unique sequence tracts is expected to leave a tract identical in size to the 280-bp starting tract. This result was seen for 28 of 28 colonies examined. As expected, recombination between either C 1-3 A/TG 1-3 or C 4 A 2 /T 2 G 4 tracts resulted in chromosomes with remaining tracts of variable size in different recombination events (Table 1 ). The fact that tracts of variable length were recovered demonstrated that, as expected, both the C 1-3 A/TG 1-3 and C 4 A 2 /T 2 G 4 tracts were able to align in multiple registers prior to completion of recombination. By this same criterion, proximity to the telomere affected the frequency but not the alignment of the C 1-3 A/ TG 1-3 tracts.
The structure of LYS2 in the recombination products also provides information on the mechanism of recombination. Because interchromosomal recombination transfers LYS2 to a different chromosome, recombinants produced by this path will have restriction fragments of novel sizes and will not yield a PCR product with the primers used. No interchromosomal recombination events were detected in the ∼150 recombination products examined (Table 1) , except in experiments in which Rap1p was overexpressed (see below, Fig. 5 ). These data suggest that for the three substrates in each chromosomal location and in a variety of genetic backgrounds, most recombination events occurred by either intrachromosomal recombination or sister chromatid exchange.
Telomeric repression of recombination between C 1-3 A/TG 1-3 tracts is not alleviated by mutations in genes required for TPE
Mutations in SIR2, SIR3, or SIR4, eliminate position effects on transcription at the silent mating type loci (Rine Rates of recombination between direct repeats at different distances from the telomere on chromosome V-R. Strain names and the distance of the repeats relative to the telomere are indicated below the bars on the x-axis. The y-axis indicates the recombination rates. The white columns are data for the C 1-3 A/TG 1-3 substrates, the columns with diagonal lines are for C 4 A 2 /G 4 T 2 substrates and the black columns are for the unique sequence substrate. The tops of the columns are the average median recombination rate from a minimum of four assays. The numbers above the columns represent the fold difference in recombination rate relative to the C 1-3 A/TG 1-3 direct-repeat strain at the same location. The error bars show standard deviations (Lea and Coulson 1949) . The rates for C 1-3 A/TG 1-3 directrepeat events are 2.0 × 10 −7 (±0.6) events/cell division and 2.6 × 10 −6 (±0.6) events/cell division for 4 and 17 kb from the telomere, respectively. (B) Rates of recombination between direct repeats at different distances from the telomere on chromosome VII-L. Interpretation of the graph is the same as in A. The rates for C 1-3 A/TG 1-3 direct repeat events are 2.9 × 10 −7 (±0.8) events/cell division, 4.4 × 10 −6 (±0.7) events/cell division and 5.6 × 10 −6 (±0.9) events/cell division for 5 and 20 kb and 200 kb from the telomere, respectively.
and Herskowitz 1987), the telomere (Aparicio et al. 1991) , and internal tracts of C 1-3 A/TG 1-3 DNA (Stavenhagen and Zakian 1994). Intrachromosomal recombination at the rDNA locus is increased 19-fold in a sir2⌬ strain (Gottlieb and Esposito 1989) . To determine if the SIR genes are required for the repression of recombination between C 1-3 A/TG 1-3 tracts near the telomere, the rate of recombination in strains containing null mutations in each of the three SIR genes was determined (Fig.  3) . If the SIR genes were required for repression of recombination, then recombination between C 1-3 A/TG 1-3 tracts should occur at an elevated rate in sir⌬ strains compared to wild-type cells.
Contrary to this expectation, recombination between C 1-3 A/TG 1-3 tracts near the telomere was even lower in the three sir⌬ strains than in wild-type cells (four-to sevenfold reduction, depending on strain; Fig. 3A ). Recombination between C 4 A 2 /T 2 G 4 tracts was affected modestly in sir⌬ strains (two-or threefold increase or twofold reduction depending on sir⌬ strain.) As a result, the differences in recombination rates near the telomere were exacerbated in sir⌬ strains (225-to 965-fold lower recombination rates for C 1-3 A/TG 1-3 tracts vs. C 4 A 2 / T 2 G 4 tracts). Elimination of Sir proteins also had modest inhibitory effects on C 1-3 A/TG 1-3 tracts at 20 kb [2.6 × 10 −6 (±0.6) events/cell division]. Similar recombination rates were found when sir⌬ strains were grown in the presence of lysine, indicating that transcription through the telomere did not mask the activity of the Sir proteins (data not shown). As reduced recombination between C 1-3 A/TG 1-3 tracts did not require Sir proteins, the telomereЈs effect on recombination of C 1-3 A/TG 1-3 tracts is not under the same genetic control as the position effects that cause transcriptional repression at telomeres (Aparicio et al. 1991) or at internal tracts of C 1-3 A/TG 1-3 DNA (Stavenhagen and Zakian 1994) .
The effect of hpr1⌬ on recombination between tracts of C 1-3 A/TG 1-3 DNA
Lack of Hpr1p is associated with a large increase in direct-repeat recombination but has little or no effect on gene conversion or reciprocal exchange (Aguilera and Klein 1989) . Using direct-repeat assay systems based on either 2.16-or 0.75-kb tracts of unique sequence DNA, the rate of excision events increases 950-and 270-fold, respectively, in an hpr1⌬ strain (Santos-Rosa and Aguilera 1994). To determine whether Hpr1p is involved in the repression of recombination between C 1-3 A/TG 1-3 tracts near a telomere, HPR1 was deleted in strains with the C 1-3 A/TG 1-3 recombination substrate or the control substrates at 5 and 20 kb from the chromosome VII-L telomere, and the rate of generating FOA R Lys + colonies was measured in each strain (Fig. 4) .
Recombination of all three substrates at both 5 and 20 kb from the telomere was increased in an hpr1⌬ back- Rates of recombination in strains that lack transcriptional repression at telomeres. Rates were determined for recombination between C 1-3 A/TG 1-3 (left) or C 4 A 2 /T 2 G 4 (right) tracts 5 kb from the chromosome VII-L telomere in wild-type, sir2⌬, sir3⌬, and sir4⌬ strains. Interpretation of the graph is the same as in Fig. 2A except that the average median recombination rate is based on a minimum of two assays. The numbers above the columns represent the fold difference in recombination rate for the same substrate relative to the wild-type strain at the same location.
ground compared to the recombination rate of the same substrate at the same location in a wild-type cell (Fig. 4) . However, for all three substrates, the increase was more dramatic near the telomere than at 20 kb from the telomere. This difference was especially marked for the two control substrates. For example, compared to wild-type, recombination of the unique sequence substrate in the hpr1⌬ strain was increased 148-fold near the telomere but only 19-fold at 20 kb. The difference was even more dramatic for the C 4 A 2 /T 2 G 4 direct repeats, which showed an ∼670-fold difference at 5 kb but only a sixfold difference at 20 kb. As a consequence, in the hpr1⌬ strain, both control substrates recombined at a much higher rate near the telomere than at 20 kb. This result is the first unequivocal example of Hpr1p having markedly different effects on recombination rates as a function of the substrate's position within the genome. Thus, the magnitude of Hpr1's effect on recombination can be influenced profoundly by both the sequence and the chromosomal context of the recombining DNA. Like the two control substrates, the recombination rate between C 1-3 A/TG 1-3 tracts at both 5 and 20 kb from the telomere was higher in the hpr1⌬ strain than in wild-type cells (51-and 12-fold elevations, respectively; Fig. 4 ). Because the rate of recombination between C 1-3 A/TG 1-3 tracts was increased to a greater extent near the telomere, recombination between C 1-3 A/TG 1-3 tracts occurred at roughly similar rates at 5 and 20 kb from the telomere in the hpr1⌬ strain (threefold higher rate at 20 kb in the hpr1⌬ strain vs. 15-fold in wild type, Fig. 4 ). However, in the hpr1⌬ strain, recombination near the telomere was still much less frequent between C 1-3 A/TG 1-3 tracts than between the control tracts, occurring at rates that were ∼250 (unique)-or ∼900 (C 4 A 2 / G 4 T 2 )-fold lower than the controls at the same site. Thus, although Hpr1p reduced recombination of all three substrates at both chromosomal sites, it was not responsible for the sequence-specific reduction in recombination between C 1-3 A/TG 1-3 tracts near the telomere. Rather, this position effect was exacerbated in hpr1⌬ cells.
Recombination between C 1-3 A/TG 1-3 tracts near the telomere is RAD52-independent
Recombination between direct repeats resulting in the excision of intervening DNA can occur by different recombination pathways (for review, see Klein 1995) . For example, a pop-out deletion event can proceed via a RAD52-dependent pathway, involving parallel alignment of the direct repeats on the same chromosome, followed by a crossover event . Singlestrand annealing (SSA), an alternative nonconservative pathway for recombination between direct repeats which, like pop-out events, eliminates the DNA between the repeats, is RAD1 dependent (Lin et al. 1984; Fishman-Lobell et al. 1992) . SSA events between naturally occurring tandem repeats such as those found at the rDNA are RAD52 independent (Zamb and Petes 1981) . To begin to understand the mechanism of recombination between direct repeats near the telomere, recombination between the C 1-3 A/TG 1-3 tracts and the control substrates was studied in rad1⌬, rad52⌬, and rad1⌬ rad52⌬ strains either at 5 or 20 kb from the telomere on chromosome VII-L (Table 2) .
At 5 kb from the telomere, recombination of the control substrates occurred almost exclusively by a RAD52-dependent pathway (Table 2 ). In contrast, the few recombination events that occurred between the C 1-3 A/TG 1-3 tracts 5 kb from the telomere were not eliminated in the rad52⌬ strain but rather were RAD1 dependent. At 20 kb from the telomere, as at 5 kb, recombination between the unique sequence tracts was RAD52 dependent. However, for both the C 1-3 A/TG 1-3 and C 4 A 2 /T 2 G 4 substrates 20 kb from the telomere, recombination was reduced substantially but not eliminated in both the rad52⌬ and rad1⌬ strains. Thus, for these internally repetitious substrates at 20 kb from the telomere, both pathways contributed to the observed rate of recombination. The level of recombination between C 1-3 A/TG 1-3 tracts at both 5 and 20 kb from the telomere was below the limits of detection in the rad1⌬ rad52⌬ strain, suggesting that Rad52p-and Rad1p-dependent recombination accounted for virtually all recombination events. This result also confirmed that recombination was the predominant mode for generating FOA R colonies in this system. Taken together, these data suggest that the rarity of Interpretation of the graph is the same as in Fig. 2A , however the scale for the y-axis is different than in preceding figures. The numbers above the columns represent the fold difference in recombination rate for the same substrate relative to the wildtype strain at the same location. The rates for direct repeat recombination in hpr1⌬ strains 5 kb from the telomere are 1.5 × 10 −5 (±0.2) events/cell division, 1.4 × 10 −2 (±1.1) events/ cell division, and 3.7 × 10 −3 (±0.5) events/cell division for C 1-3 A/TG 1-3 , C 4 A 2 /T 2 G 4 , and unique sequence, respectively. The rates for direct repeat recombination in hpr1⌬ strains 20 kb from the telomere are 5.3 × 10 −5 (±1.1) events/cell division, 2.2 × 10 −4 (±0.5) events/cell division, and 1.4 × 10 −4 (±0.1) events/cell division for C 1-3 A/TG 1-3 , C 4 A 2 /T 2 G 4 , and Unique sequence, respectively. recombination between C 1-3 A/TG 1-3 tracts near the telomere is explained in large part by the absence of RAD52-dependent events, either because these events did not occur or because they could not be recovered near the telomere. However, RAD1-mediated recombination events were also repressed ∼10-fold near the telomere (compare recombination rate for C 1-3 A/TG 1-3 tracts and C 4 A 2 /T 2 G 4 tracts near the telomere in the rad52⌬ strains; Table 2 ).
The effect of RAP1 on C 1-3 A direct-repeat recombination
Rap1p, the major telomere-binding protein in yeast, or proteins that bind to the telomere via interactions with Rap1p are excellent candidates for restricting the access of telomeric sequences to recombination enzymes. Since RAP1 is an essential gene, it was not possible to determine the effects of eliminating Rap1p on recombination. As an alternative approach, high levels of Rap1p were expressed by introduction of a high copy plasmid harboring the RAP1 gene, FATRAP, into the appropriate strains. As determined previously, cells carrying this plasmid have 3-5 times more Rap1p than wild-type cells, have longer and more heterogeneous length telomeres, and show elevated rates of chromosome loss and mitotic recombination at nontelomeric sites (Conrad et al. 1990 ). If Rap1p were limiting for recombination between C 1-3 A/TG 1-3 tracts near the telomere, in the simplest model, this recombination might be reduced even further in cells overexpressing Rap1p.
The FATRAP plasmid was introduced into strains carrying either C 1-3 A/TG 1-3 or C 4 A 2 /T 2 G 4 tracts at both 5 and 20 kb from the telomere of chromosome VII-L. The presence of the FATRAP plasmid had no effect on recombination in control strains (Fig. 5A) . However, its presence led to a dramatic increase in the generation of FOA R Lys + colonies in both strains with C 1-3 A/TG 1-3 tracts (Fig. 5A) . Recombination rates were increased 146-fold at 5 kb and 841-fold at 20 kb such that recombination between the C 1-3 A/TG 1-3 tracts was either comparable (at 5 kb) or greater (at 20 kb) than recombination between the control tracts at the same locus. A control plasmid carrying an out-of-frame deletion derivative of the RAP1 gene, FATRAP⌬BBF (Conrad et al. 1990 ), did not affect recombination rates in any of the strains, demonstrating that the effects were caused by expression of Rap1p (data not shown).
It had been proposed previously that the increase in heterogeneity of telomere length associated with excess Rap1p might be the result of interchromosomal recombination between telomeric and/or internal tracts of telomeric DNA (Conrad et al. 1990 ). As inferred from structural analysis (Table 1) , interchromosomal recombination was not detected in wild-type or mutant cells. To determine whether interchromosomal recombination occurred in the presence of excess Rap1p, Southern blot analysis was used to determine the structure of recombinant chromosomes in independent FOA R Lys + colonies derived from strains containing the FATRAP plasmid (Fig. 5C,D) . As described earlier, both intrachromosomal recombination and sister chromatid exchange produce a BglII fragment that will hybridize to both the A (LYS2) and the B (ADH4) probes. In contrast, interchromosomal recombination will transfer LYS2 to another chromosome such that the A and Two (*) 10-colony fluctuation tests on the rad52⌬rad1⌬ strains at 5 kb from the telomeres resulted in 5/10 and 7/10 colonies for which 0 recombination events were recovered. Similarly for rad52rad1 strains 20 kb from the telomere fluctuation assays resulted in 7/10 and 3/10 colonies in which 0 recombination events were recovered. These fluctuation tests resulted in a median value of zero and are shown as rates less than a maximum value.
B probes hybridize to different-sized restriction fragments. In 21% and 26% of the FOA R Lys + colonies examined at 5 and 20 kb, respectively, the predicted product for an excision event was observed ( Fig. 5C,D; data not shown; summarized in Fig. 5B ). In the remaining recombinants, interchromosomal recombination occurred as inferred from the hybridization of the A probe to different-sized bands on the Southern blot (Fig. 5C,D) . Furthermore, in each of these samples the B probe hybridized to a ∼1.5-kb band, the expected size of a terminal restriction fragment if de novo telomere formation occurred at the proximal C 1-3 A/TG 1-3 tract on chromosome VII-L. In one sample (lane M, Fig. 5C ), a mixed population of cells was detected, containing both an ADH4 hybridizing terminal fragment and a band that hybridized to both the A and B probes.
Pulsed-field gel analysis was done to confirm that the altered size of the LYS2 hybridizing fragments was caused by interchromosomal recombination. In the starting strain with the recombination substrate integrated 20 kb from the telomere on chromosome VII-L, a LYS2 probe should hybridize to both chromosome VII and to chromosome II, the normal chromosomal location of LYS2. As expected, seven of seven recombinants obtained in the wild-type strain had the structure expected for an excision event (i.e., LYS2 hybridized to both chromosomes VII and II; Fig. 6 , lanes A-G). In contrast, in 13 of 18 recombinants from cells expressing high levels of Rap1p, LYS2 did not hybridize to chromosome VII (Fig. 6, lanes H-Y) . In 3 of 18 recombinants, LYS2 hybridized to a single chromosome, similar in size to chromosome II (Fig. 6 , lanes R,T, and Y). In two recombinants, LYS2 did not hybridize to chromosome VII but hybridized to two new chromosomes (in addition to 
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In summary, Rap1p overexpression virtually eliminated the sequence-specific repression of recombination between tracts of C 1-3 A/TG 1-3 DNA near the telomere, so far the only gene or condition found to do so. Overexpression of Rap1p also greatly increased recombination between C 1-3 A/TG 1-3 tracts at internal sites. As a consequence, in Rap1p overexpressing cells, recombination between C 1-3 A/TG 1-3 tracts at 20 kb was ∼25-fold higher than the control at 20 kb and ∼90-fold higher than for C 1-3 A/TG 1-3 tracts near the telomere.
Discussion
In this paper we show that recombination between tracts of C 1-3 A/TG 1-3 DNA was inhibited substantially when the tracts were near a telomere. This reduction was caused by both to an absence of RAD52-dependent recombination events and to a reduction in the number of RAD1-dependent events (Table 2) . Inhibition was general, occurring at both 4 kb from the right telomere of chromosome V and at 5 kb from the left telomere of chromosome VII (Fig. 2) . In contrast, the recombination rate for two control substrates was not affected by proximity to the telomere, occurring at essentially the same rate whether the tracts were ∼5, ∼20, or ∼200 kb from a telomere (Fig. 2) . These results are consistent with an earlier study which found that the recombination rate between direct repeats of LEU2 segments was not affected by proximity to the telomere (Prado and Aguilera 1995) .
Intrachromosomal recombination between telomeric DNA is a mechanism for the rapid shortening of elongated telomeres (Li and Lustig 1996) . Telomere rapid deletion (TRD) events occur at a high rate in yeast cells containing abnormally long telomeres (Li and Lustig 1996) . TRD events are repressed 10-fold by Hpr1p (Li and Lustig 1996) , similar to the events detected in this study (Fig. 4) . Unlike recombination events between C 1-3 A/ TG 1-3 direct repeats, TRD events are regulated negatively by SIR3 and are RAD1-independent (Li and Lustig 1996) . TRD has been proposed as a mechanism for maintaining telomere length using nonhomologous telomeres as a yardstick to determine how much telomeric DNA to delete (Li and Lustig 1996) . The relationship between TRD and C 1-3 A/TG 1-3 direct-repeat recombination is unclear with regard to both the initiation of these events and the exact pathway of recombination.
In mitotic yeast cells, telomere-adjacent DNA is both transcriptionally repressed and late replicating (for review, see Zakian 1996) . Given these data, it is not surprising that telomeres affect mitotic recombination rates. However, position effects on transcription, replication, and recombination typically act on most nearby DNA. In contrast, the reduced mitotic recombination near yeast telomeres was seen only for recombination between C 1-3 A/TG 1-3 tracts. Moreover, this position effect did not depend on Sir proteins (Fig. 3) , which are essential for transcriptional silencing at telomeres (Aparicio et al. 1991) . In yeast meiosis, double-strand breaks (DSBs), which are thought to initiate recombination, are rare near telomeres (Klein et al. 1996; Baudat and Nicolas 1997) . Lack of Sir4p does not increase the number of DSBs near telomeres in meiosis (Baudat and Nicolas 1997) , suggesting that the DSB-resistant nature of subtelomeric DNA is also not mediated by the factors that are responsible for the closed chromatin structure associated with TPE. Any model to explain the reduction in mitotic recombination near telomeres must explain why this effect is sequence specific.
The yeast telosome is comprised of the duplex DNAbinding protein Rap1p, the single-strand TG 1-3 binding protein Cdc13p, and at least five other proteins, Sir2p, Sir3p, Sir4p, Rif1p, and Rif2p, that associate with the telomere via protein-protein interactions (Bourns et al. 1998) . None of the telosomal proteins is expected to bind either of the two control substrates. We propose that internal tracts of C 1-3 A/TG 1-3 DNA, like telomeres themselves (Wright et al. 1992) , can adopt a Rap1p-mediated telosome-like chromatin structure. This proposal is supported by the demonstration that Rap1p, Sir proteins, and Rif proteins bind internal tracts of C 1-3 A/ TG 1-3 DNA (Bourns et al. 1998) as well as by the ability of these tracts to act as Rap1p-dependent transcriptional silencers (Stavenhagen and Zakian 1994) . We further hypothesize that the internal tracts are more likely to form this non-nucleosomal chromatin structure when they are near a telomere. This prediction is supported by the demonstration that the silencing activity of internal Figure 6 . Analysis of chromosomes from FOA R LYS + cells generated in the presence of excess Rap1p. Chromosomes were isolated from the parent strain (YJS), a strain containing the C 1-3 A/TG 1-3 direct repeat recombination assay 20 kb from the telomere on chromosome VII-L (YJS2) and the same strain expressing excess Rap1p (YJS2-FATRAP) (see Materials and Methods). Chromosomes were separated using a 1.5% agarose gel using a CHEF gel apparatus. The filter was hybridized with probe A. Chromosome II, which contains the endogenous LYS2 locus (chr II), and chromosome VII, where the LYS2 gene and C 1-3 A/TG 1-3 direct repeats were integrated (chr VII), are indicated. C 1-3 A/TG 1-3 tracts increases as the tracts get closer to a telomere (Stavenhagen and Zakian 1994) . According to this model, the telosome-like chromatin structure inhibits the generation or processing of recombination intermediates. Regional differences in chromatin structure have also been proposed to affect HO-endonuclease-induced recombination and nucleotide excision repair at the silent mating type loci (Verhage et al. 1994; Sugawara et al. 1995) .
Rap1p is the main telomere-binding protein in yeast and as such is present at high concentrations at natural telomeres (see Introduction). High levels of Rap1p increased dramatically recombination between tracts of C 1-3 A/TG 1-3 near the telomere and resulted in high levels of interchromosomal recombination. The identification of different recombination products suggests that, in the presence of excess Rap1p, internal tracts of telomeric DNA may recombine via multiple recombination pathways. In addition, high levels of Rap1p eliminated the sequence-specific repression of recombination between C 1-3 A/TG 1-3 tracts near the telomere (Fig. 5) . The effects of Rap1p on recombination between C 1-3 A/TG 1-3 tracts were not caused by a global effect on recombination as the recombination rates of the control substrates were not affected (Fig. 5A) .
Why does excess Rap1p eliminate the sequence-specific effect of the telomere on recombination? One possibility is that excess Rap1p disrupts the normal telosome structure and prevents the telomere from blocking recombination. Alternatively, the recombination inhibitor might be a Rap1p-interacting protein that is titrated from the telomere by excess Rap1p. This model is argued against by the fact that elimination of the Rap1p-interacting Sir proteins resulted in even lower rates of recombination (Fig. 3) . Moreover, elimination of both Rif1p and Rif2p, two Rap1p-interacting proteins that act synergistically to restrict telomere length (Wotton and Shore 1997) , led to a modest ∼threefold increase in C 1-3 A/TG 1-3 recombination near the telomere (J.B. Stavenhagen, unpubl.) .
Another possibility is that proteins that bind to the very end of the chromosome might inhibit recombination between C 1-3 A/TG 1-3 tracts. One candidate is the yeast homolog of mammalian Ku proteins, a heterodimer in which one subunit is encoded by HDF1 (Feldmann and Winnacker 1993) and the other by YKU80/ HDF2 (Boulton and Jackson 1996) . Hdf2p binds telomeres in vivo (Gravel et al. 1998) , whereas the absence of Ku proteins disrupts the subnuclear positioning of telomeres (Laroche et al. 1998 ) and increases the intratelomeric recombination (Polotnianka et al. 1988 ) that results in rapid shortening of long telomeres (Li and Lustig 1996) . Because Sir4p associates with Hdf1p in vivo (Tsukamoto et al. 1997) , eliminating Sir proteins might increase the amount of Hdf1p available for telomere binding.
Yet another possibility is that the single-strand TG 1-3 binding protein Cdc13p inhibits recombination between C 1-3 A/TG 1-3 tracts. A 3Ј-single-stranded tail generated by a 5Ј-3Ј-exonuclease is thought to be an intermediate in both the RAD1-dependent SSA and RAD52-dependent models of recombination (White and Haber 1990; Ozenberger and Roeder 1991; Fishman-Lobell et al. 1992) . If a break occurs between two C 1-3 A/TG 1-3 tracts at any chromosomal locus, processing of this break by a 5Ј-3Ј-exonuclease will produce a molecule with a 3Ј singlestranded TG 1-3 -tail. It is thought that RAD52 interacts with a single-stranded DNA intermediate via the singlestranded DNA-binding protein Rfa1p (Firmenich et al. 1995) . Cdc13p might compete with Rfa1p for binding, and its binding would block Rfa1p-enhanced recombination. As the binding of Cdc13p is telomere limited in vivo (Bourns et al. 1998) , the probability of a processed internal C 1-3 A/TG 1-3 tract binding Cdc13p is expected to increase and recombination to decrease with proximity to the telomere.
What is the relevance of these data to telomere behavior on normal chromosomes? It is easy to imagine that the telomeric recombination inhibitor would also prevent recombination between natural telomeres in wildtype cells. For example, if Cdc13p or a Rif protein is the inhibitor and if its presence also prevents recombination between chromosomal telomeres, it would explain why telomeres are longer in cells limited for these proteins (Hardy et al. 1992; Grandin et al. 1997; Wotton and Shore 1997) . Because telomere-telomere recombination might occasionally generate telomere-telomere fusions, inhibition of this recombination in wild-type cells might reduce the generation of dicentric chromosomes. However, telomere-telomere recombination might be advantageous when telomeres are short, providing a telomerase-independent mechanism of telomere lengthening. If the recombination inhibitor has reduced affinity for short telomeres, its absence might promote RAD52-dependent recombination between C 1-3 A/TG 1-3 tracts. This type of process could explain the presence and RAD52 dependency of terminal tracts of telomeric DNA in cells that lack telomerase (Lundblad and Blackburn 1993) ; Singer and Gottschling 1994; McEachern and Blackburn 1995) . If this model is correct, mutations that specifically increase recombination between C 1-3 A/ TG 1-3 tracts near the telomere might identify gene products important for a recombination pathway for maintenance of telomeric DNA.
Materials and methods
Yeast manipulations
Media and plates for growth of yeast were made using standard procedures. Both liquid and solid media growth were carried out at 30°C. Transformations were done by LiAc transformation (Stavenhagen and Zakian 1994) . Yeast strains were sporulated in 0.5% KoAc at room temperature. Tetrad dissection was performed using a Singer dissection apparatus. For all dissected tetrads, strains were derived from four spore tetrads that showed the expected 2:2 segregation pattern.
Construction of direct-repeat recombination strains
The plasmids pYPVN, pTPV, and pUSR were used to integrate C 1-3 A/TG 1-3 , C 4 A 2 /T 2 G 4 , or unique sequence tracts, ∼20 kb from the telomere on chromosome VII-L to construct strains YJS2, YJS1, and YJS46, respectively (Stavenhagen and Zakian 1994;  Table 3 ). Plasmid pUSR was constructed by digesting pYPV-TPV-LYS with BglII. The resulting 5.5-kb fragment was digested subsequently with BamHI and then ligated to the other 6-kb BglII fragment to create plasmid pPV-Dis. Plasmid pPVDis was cut with EcoRI and blunt-ended with Klenow. A HincI-I-EcoRV fragment from the tetracycline resistance (Tc) gene of pBR322 was cloned into this site to create a 276-bp direct repeat with a sequence from the Tc gene already present in the plasmid. To integrate C 1-3 A/TG 1-3 tracts on chromosome VII-L, 5 kb from the telomere (YJS231), pYPVN was digested with SmaISalI and gel isolated. A HindIII-PvuII fragment containing an 81-bp yeast telomeric tract from pTCA-1X was ligated to the SmaI-Sal I fragment and the resulting fragment was used to transform strain YJS5 (Stavenhagen and Zakian 1994) . Integration of C 4 A 2 T 2 G 4 tracts at the same locus (YJS233) was carried out with plasmid pTPV, using the same protocol. The resultant fragment was used to transform YJS4 (Stavenhagen and Zakian 1994) . For integration of USR, 5 kb from the telomere at VII-L (YJS369), a single FOA R Lys + colony from YJS233 was transformed with an HpaI fragment from pUSR to generate a Ura + Lys + cell. To integrate the direct repeat substrates ∼200 kb from the telomere on chromosome VII-L, a 2.4-kb ClaI fragment flanking LYS5 from plasmid pSC5 (Rajnarayan et al. 1992 ) was cut with XbaI and ligated into the XbaI site of pYPVN or cut with EcoRI and ligated into the EcoRI site of pTPVN. The resulting plasmids were linearized with ClaI and used to trans- Stavenhagen and Zakian (1994) form strain YPH499 (Sikorski and Hieter 1989) , resulting in the strains YJS331 and YJS357, respectively. For YJS367 a single FOA R Lys + colony from YJS357 was transformed with a HpaI fragment from pUSR and a Ura + Lys + colony was selected. To integrate the C 1-3 A/TG 1-3 direct repeats, 4 kb from the telomere on chromosome V-R (YJS335), a 2.8-kb fragment from plasmid B6-10H (Ferguson et al. 1991) was ligated into pYPVN. The resulting plasmid, pYPVN-VR-4, was digested with PvuII and ligated to the PvuII-HindII fragment from pTCA-IX. The ligation reaction was digested with NotI and transformed into YPH499. For YJS365 and YJS359, a single FOA R Lys + colony from YJS335 was transformed with an HpaI fragment from pUSR and a EcoRI-HpaI fragment from pTPV, respectively. For integration of the C 1-3 A/TG 1-3 direct repeats, ∼17 kb from the V-R telomere (YJS329), a 2.4-kb HindIII fragment from B6-10H was cut with XbaI and ligated into the XbaI site of pYPVN. The resulting plasmid, pYPVN-VR-17, was cut with HindIII and transformed into YPH499. For YJS371 and YJS361 a single FOA R Lys + colony from YJS329 was transformed with a HpaI fragment from pUSR and a EcoRI-HpaI fragment from pTPV, respectively.
The YJS53 and YJS110 strains were made using the plasmids pSM20 (rad52:LEU2; gift of D. Schild, Lawrence Berkeley Laboratory, CA) and pLK23 (rad1) (Kadyk and Hartwell 1993) , respectively. Initially, the mutations were made in strain YPH500 (Sikorski and Hieter 1989) by transformation and then mated into the appropriate direct repeat strain. For both rad52⌬ and rad1⌬ strains the correct transformants were first tested for UV sensitivity and then confirmed by genomic Southern analysis. After mating, diploids were sporulated. For rad1⌬, tetrads were dissected and spores showing Ura + Lys + and UV-sensitive phenotypes were selected for further analysis. Direct-repeat strains containing the rad52⌬ allele were derived from a random spore analysis by selection for Ura + Lys + Leu + spores. For the rad1⌬ rad52⌬ double mutants, tetrads were dissected and Ura + Lys + Leu + spores were examined by genomic Southern analysis to determine if the rad1⌬ allele was present.
The sir2⌬, sir3⌬, and sir4⌬ strains were made using plasmids pJR531 (Kimmerly and Rine 1987) , AR78 (Braunstein et al. 1993) , and pMM10.7 (gift of J. Broach, Princeton University) (Stavenhagen and Zakian 1994) , respectively. For the sir⌬ strains, transformants were verified by marker selection, loss of mating ability, and by genomic Southern analysis. Plasmid pABX4 (hpr1::HIS3 gift of H. Klein) (Aguilera and Klein 1989) was used to make YJS37 (hpr1⌬). The correct transformant was confirmed by genomic Southern analysis. YJS37 was mated to the direct repeat strains and Ura + Lys + His + spores were selected for further analysis. Both FATRAP and FATRAP⌬BB plasmids were described previously (Conrad et al. 1990 ).
Recombination assays
Recombination events were selected on medium containing FOA, which selects for loss of URA3 function, and lacking lysine, which selects for the presence of LYS2. The number of recombination events was indistinguishable for cells plated on medium lacking or containing lysine (data not shown). Rates were determined by fluctuation analysis (Luria and Delbruck 1943) . All fluctuation assays were done using at least 10 independent colonies (20 colonies for analysis of wild-type rates for all three substrates at the five loci tested). For each strain two independent transformants were examined. Strains were grown on YC-Lys plates for 3-5 days. Individual colonies were isolated and picked as plugs into 0.5 ml of ddH 2 O. Aliquots from each colony were tested for the number of FOA R Lys + colonies by spreading a fraction of the total colony onto plates lacking lysine and containing the drug 5-FOA (Boeke et al. 1987) . The colonies that grew were replica plated subsequently to plates lacking uracil to ensure that FOA R colonies were caused by recombination, not transcriptional silencing. A second aliquot from each colony was pooled and serially diluted. A viable cell count was done by plating a fraction of the serial dilutions onto either YC or YC-Lys plates, depending on which media was used for the pregrowth prior to the fluctuation test. Rates and standard deviations were calculated using the method of the median (Lea and Coulson 1949) with the following modification. Standard deviations were determined using the average median rate, from a minimum of four assays, and adding all the colonies tested to obtain a value for total number of colonies. For each strain or condition, genomic Southern blot or PCR analysis was carried out on a subset of the FOA R cells to establish that URA3 was eliminated. In some strains, the recombination rate was low enough that some FOA R cells were caused by point mutation in URA3. In these cases, the FOA R cells caused by mutation were eliminated from the calculation for the rate of recombination.
DNA manipulations
All restriction digests were done using standard protocols and enzymes (New England Biolabs). Yeast DNA preparations and genomic Southern blots were done as described previously (Stavenhagen and Zakian 1994) . Specifically, genomic DNA was digested with BglII and HindIII. The DNA was separated subsequently on a 1% agarose gel and transferred to nylon membrane (Amersham Hybond-N+). The appropriate band was visualized by hybridization with a random primed BglII-HindIII fragment from the 5Ј-end of the LYS2 gene. PCR reactions were done in a total volume of 10 µl using Taq polymerase (Promega) in standard reaction buffer with the following modifications: 2 mM MgCl 2 , 200 mM dNTPs, 0.5 mM primers (JS04: 5Ј-GAA GATCTGGGTTAGTCAAATGGCAGGC-3Ј and JS05: 5Ј-CGG-GATCCCTGGCAAAACTA TTGAAGAG-3Ј). A fraction of each yeast colony was picked using a plastic pipetman tip and placed at the bottom of the reaction tube into 5 µl containing the primers. This was covered with an ampligem wax pellet (Perkin-Elmer). On top of the hardened wax was layered the remaining reaction ingredients. The cycling protocol for PCR amplification was as follows: 1× (94°C for 2 min), 5× (94°C for 30 sec, 45°C for 1 sec, 72°C for 3 min), 35× (94°C for 30 sec, 55°C for 1 min, 72°C for 3 min). Reaction products were analyzed on a 1.2% agarose gel.
Pulse-field gel electrophoresis
DNA was prepared using an imbedded cell lysis protocol (Carle and Olson 1985) . Thirty milliliters of cells was grown in YCLys media to late log phase (O.D. ∼10.0). Cells were pelleted and washed twice in 50 mM EDTA at pH 7.5. The final pellet was resuspended in 1 ml 50 mM EDTA at pH 7.5 and placed at 4°C. Subsequently, 0.75 ml of the resuspended cells were mixed with 0.25 ml of solution 1 (1 M sorbitol, 0.1 M Na citrate, 60 mM EDTA at pH 7.0, 1 mg/myl Zymolase, 5% ␤-mercaptoethanol). During gentle vortexing 1.7 ml of warm 1% low-melt agarose (125 mM EDTA at pH 7.5) was added to the mixture and then poured immediately into a 2-ml Petri dish and allowed to solidify at room temperature. Once solidified the plate was covered with 2 ml of solution 2 (0.5 M EDTA at pH 9.0, 10 mM Tris at pH 8.0, 7.5% ␤-mercaptoethanol) and incubated at 37°C overnight in a sealed box. The first overlay was removed and replaced with 1.5 ml of solution 3 (10 mM Tris at pH 8.0; 0.5 M EDTA at pH 9.0; 1% Sarkosyl; 1 mg/ml proteinase K) and incubated at 50°C overnight. Solution 3 was removed and the plates overlayed with 0.5 M EDTA at pH 9.0 and stored at 4°C. Plugs were cut out of the agarose using a glass cover slip and placed in the wells of a 1.5% agarose gel in 0.5× TBE. Chromosome separation was done using a Bio-Rad CHEF-DR II pulsed field gel electro phoresis (PFGE) system run for 24 hr at 200 V with a 90-sec switch time. After electrophoresis, the gel was treated for 30 min in ∼40 µg/ml RNase and stained subsequently with EtBr and photographed. The gel was treated with 0.25 M HCl for 15 sec prior to Southern blotting (see above).
